Control of Recruitment and Transcription-Activating Function of CBP Determines Gene Regulation by NMDA Receptors and L-Type Calcium Channels  by Hardingham, Giles E. et al.
Neuron, Vol. 22, 789±798, April, 1999, Copyright 1999 by Cell Press
Control of Recruitment and Transcription-Activating
Function of CBP Determines Gene Regulation
by NMDA Receptors and L-Type Calcium Channels
L-type Ca21 channels potently stimulates the CRE (Bading
et al., 1993). The basis for this differential regulation of
CRE-dependent transcription is unknown. While it is
generally thought that transcription factors interacting
with DNA regulatory elements are the targets for Ca21
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signaling pathways and the mediators of transcriptionalCambridge CB2 2QH
activation, recent evidence suggests that the transcrip-United Kingdom
tion coactivator CREB-binding protein, CBP, is an im-
portant site of regulation for Ca21-induced gene expres-
sion (Chawla et al., 1998). CBP, which does not bindSummary
directly to DNA but is recruited to a promoter via tran-
scriptional activators such as phospho-(Ser-133)CREBRecruitment of the coactivator CBP by signal-regu-
(Chrivia et al., 1993; reviewed in Janknecht and Hunter,lated transcription factors and stimulation of CBP
1996; Goldman et al., 1997) or c-Jun (Bannister et al.,activity are key regulatory events in the induction of
1995), is thought to influence gene expression by dis-gene transcription following Ca21 flux through ligand-
rupting repressive chromatin structure through its intrin-and/or voltage-gated ion channels in hippocampal
sic or associated histone acetyltransferase (HAT) activ-neurons. The mode of Ca21 entry (L-type Ca21 channels
ity or by connecting transcriptional activators to theversus NMDA receptors) differentially controls the
basal transcription machinery (Bannister and Kouzar-
CBP recruitment step to CREB, providing a molecular
ides, 1996; Ogryzko et al., 1996; Yang et al., 1996). Here,
basis for the observed Ca21 channel type±dependent
we analyzed the role of CBP in CREB and c-Jun-depen-
differences in gene expression. In contrast, activation
dent gene regulation by Ca21 signaling pathways in hip-
of CBP is triggered irrespective of the route of Ca21
pocampal neurons and investigated whether differences
entry, as is activation of c-Jun, that recruits CBP in- in transcriptional responses following NMDA receptor
dependently of phosphorylation at major regulatory and L-type Ca21 channel activation are due to differential
c-Jun phosphorylation sites, serines 63 and 73. This control of CBP recruitment and/or CBP activation.
control of CBP recruitment and activation is likely rele-
vant to other CBP-interacting transcription factors and Results
represents a general mechanism through which Ca21
signals associated with electrical activity may regulate Glutamate Treatment and KCl-Induced Membrane
the expression of many genes. Depolarization Elicit Ca21 Transients
with Distinct Temporal Profiles
in Hippocampal Neurons
Introduction
Experiments using the mouse pituitary cell line AtT20
indicated that nuclear Ca21 controls the ability of CBP
Changes in the intracellular calcium (Ca21) concentra- to stimulate transcription (Chawla et al., 1998). We there-
tion associated with electrical activation of neurons are fore determined, using Fluo-3 Ca21 imaging and confo-
the trigger for induction of gene expression that may be cal microscopy, the spatial and temporal profile of Ca21
critical for long-term information storage in the nervous transients in hippocampal neurons following stimulation
system (reviewed in Ghosh and Greenberg, 1995; Bad- of NMDA receptors and L-type Ca21 channels. To acti-
ing et al., 1997; Hardingham and Bading, 1998). The two vate Ca21 flux through NMDA receptors, cultured hippo-
principal sites for Ca21 entry responsible for activation of campal neurons were stimulated with either 5, 20, or
gene expression are the N-methyl-D-aspartate (NMDA) 100 mM glutamate, always in the presence of 5 mM of
type of glutamate receptor and the L-type voltage-gated the L-type Ca21 channel antagonist nifedipine. This
Ca21 channel (Lerea et al., 1992; Bading et al., 1993, treatment has previously been shown to activate, in an
1995). Ca21 flux through either type of Ca21 channel can NMDA receptor±dependent manner, a number of imme-
activate signaling pathways that stimulate transcription diate early genes (Bading et al., 1993, 1995). To activate
of a number of genes by activating Ca21 responsive Ca21 flux through L-type Ca21 channels, the neurons
DNA regulatory elements such as the cAMP response were depolarized by exposing them to elevated extra-
element (CRE) and the serum response element (SRE) cellular levels of KCl (50 mM) in the presence of 100
(Sheng et al., 1988; Bading et al., 1993, 1995). In hippo- mM of the NMDA receptor antagonist D(2)-APV (KCl
campal neurons, Ca21 flux through NMDA receptors and stimulation), which activates gene transcription in an
L-type Ca21 channels are equally effective activators of L-type Ca21 channel-dependent manner (Bading et al.,
SRE-mediated transcription, but only Ca21 flux through 1993). Activation of NMDA receptors using either 20 mM
glutamate or 100 mM glutamate caused a rapid increase
in the cytoplasmic and nuclear Ca21 concentration,
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which slightly decreased a few seconds after stimulationmrc-lmb.cam.ac.uk).
but remained at an elevated plateau during the course² Present address: Institute of Cell Signalling, School of Biomedical
of the experiment (Figure 1). Stimulation of the neuronsSciences, C Floor, Medical School, Queen's Medical Centre, Not-
tingham NG7 2UH, United Kingdom. with 5 mM glutamate elicited only a small increase in
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cytoplasmic and nuclear Ca21. In contrast to the NMDA
receptor-induced Ca21 transients, KCl-induced mem-
brane depolarization, activating Ca21 flux through L-type
Ca21 channels, caused a rapid but transient increase in
the cytoplasmic and nuclear Ca21 concentration. Mem-
brane depolarization in the presence of the L-type Ca21
channel agonist FPL 64176 (KCl/FPL stimulation) gave
rise to a Ca21 profile that is similar to an NMDA receptor-
induced Ca21 profile (Figure 1).
Activation of CBP-Mediated Transcription following
NMDA Receptor and L-Type Ca21 Channel
Activation in Hippocampal Neurons
To investigate the possible regulation of CBP activity
by Ca21 signaling pathways in hippocampal neurons,
we tested the ability of CBP, tethered to the promoter
by means of fusion to the GAL4 DNA-binding do-
main, to confer inducibility upon NMDA receptor and
L-type Ca21 channel activation to the reporter gene
pF222DCREmyc. This reporter gene contains the human
c-fos gene including 222 base pairs (bp) of upstream
regulatory sequence (Hardingham et al., 1997). The c-fos
CRE at position nucleotide 260 has been replaced with
a GAL4-binding site that renders this gene construct
unresponsive to Ca21 signals (Hardingham et al., 1997).
The Myc epitope inserted in frame into the fourth exon
of the c-fos gene allows expression of this reporter gene
to be detected at the single cell level using the 9E10
monoclonal antibody. We tested two CBP constructs:
full-length CBP fused to GAL4 (GAL4±CBP8R) and the
carboxyl-terminal amino acids 1892 to 2441 of CBP,
which contains a putative glutamine-rich transcriptional
activation domain (Chrivia et al., 1993), fused to GAL4
(GAL4±CBPc). The GAL4±CBP expression vectors were
microinjected alongside the reporter gene into primary
Figure 1. Glutamate Treatment and KCl-Induced Membrane Depo-hippocampal neurons. Expression of the reporter gene
larization Elicit Ca21 Transients with Distinct Temporal Profileswas determined immunocytochemically and quantified
Cytoplasmic (A) and nuclear (B) Ca21 was analyzed in hippocampalusing confocal microscopy. Activation of either NMDA
neurons using Fluo-3 Ca21 imaging and confocal laser scanning
receptors or L-type Ca21 channels increased transcrip- microscopy. Ca21 concentrations are expressed as a function of the
tion from pF222DCREmyc in neurons microinjected with Fluo-3 fluorescence [(F 2 Fmin)/(Fmax 2 F)]. Glutamate stimulation [5
expression vectors for either GAL4±CBPc (Figure 2A) or mM, Glu (5); 20 mM, Glu (20); 100 mM, Glu (100)] was done in the
GAL4±CBP8R (data not shown). Increasing the intracel- presence of 5 mM of nifedipine to activate NMDA receptors; hippo-
campal neurons were depolarized to activate L-type Ca21 channelslular levels of cAMP by treatment of hippocampal neurons
by exposing them to 50 mM KCl (KCl stimulation) or to 50 mM KClwith forskolin/IBMX also induced GAL4-CBPc-mediated
plus 5 mM FPL 64176 (KCl/FPL stimulation), both in the presencetranscription (Figure 2A). These results demonstrate that
of 100 mM D(2)-APV.
Ca21 signaling pathways are potent activators of CBP-
mediated gene expression in hippocampal neurons.
NMDA receptors may activate CBP via a CaM kinaseSince CaM kinases, and in particular the nuclear-local-
IV±independent mechanism. To directly test the abilityized CaM kinase IV, have been implicated in gene regula-
of CaM kinase IV to control CBP activity, we microin-tion by Ca21 signaling pathways (Jensen et al., 1991;
jected into the cells an expression vector for a constitu-Morgan and Curran, 1991; Sheng et al., 1991; Bading et
tively active form of CaM kinase IV (Sun et al., 1994)al., 1993; Deisseroth et al., 1996; Hardingham et al.,
alongside an expression vector for GAL4±CBPc. Expres-1998; reviewed in Chawla and Bading, 1998), we next
sion of a constitutively active form of CaM kinase IVinvestigated the role of CaM kinase IV in controlling CBP
efficiently stimulates transcription mediated by GAL4±activity in hippocampal neurons. Stimulation of CBP-
CBPc (Figure 2B), indicating that CaM kinase IV is suffi-mediated transcription by L-type Ca21 channels, but not
cient for induction of CBP-mediated gene expression.by NMDA receptors, is inhibited in cells expressing a
negative interfering mutant of CaM kinase IV (Anderson
Ca21 Flux through NMDA Receptors and L-Typeet al., 1997) (Figure 2A). Ca21-independent, (cAMP-
Ca21 Channels Induces Distinct Kinetics of CREBinduced) CBP-mediated transcription was not affected
Phosphorylation on Serine 133 and Differentiallyby the negative interfering mutant of CaM kinase IV
Activates c-fos Expression(Figure 2A). These results demonstrate that CaM kinase
While these experiments establish that activation ofIV is a critical mediator of CBP activation by L-type
Ca21 channel signals and indicate that Ca21 flux through L-type Ca21 channels and NMDA receptors stimulate
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Figure 2. Activation of CBP-Mediated Transcription following NMDA Receptor and L-Type Ca21 Channel Activation in Hippocampal Neurons
and the Role of CaM Kinase IV in This Process
(A) Immunocytochemical analysis of GAL4-CBPc-mediated gene expression following activation of either NMDA receptors [20 mM glutamate/
5 mM nifedipine; (Glu)] or L-type Ca21 channels [50 mM KCl/100 mM APV; (KCl)] or following treatment of the neurons with forskolin/IBMX to
increase intracellular levels of cAMP. Hippocampal neurons were microinjected with the reporter plasmid pF222DCREmyc and the GAL4±CBPc
expression vector alongside an expression vector for either the negative interfering mutant of CaM kinase IV or the vector control (pSG5).
Cells were stimulated 3±4 hr after microinjection and were processed for gene expression analysis after an additional 2 hr. The Texas Red
fluorescence image identifies injected cells. Relative to unstimulated hippocampal neurons, transcriptional induction was (mean 6 SEM of
four independent experiments) 5.3 6 2.2-fold (Glu; 84 cells) and 3.1 6 0.7-fold (KCl; 126 cells). In cells microinjected with the expression
vector for the negative interfering mutant of CaM kinase IV, GAL4-CBPc-mediated transcription was 57% 6 15% (KCl; 181 cells) (mean 6
SEM of four independent experiments) of that obtained in vector control±injected cells. Expression of the negative interfering mutant of CaM
kinase IV did not reduce GAL4-CBPc-mediated transcription upon stimulation of NMDA receptors or elevation of intracellular levels of cAMP.
Scale bar is 60 mm.
(B) Expression of constitutively active form of CaM kinase IV in hippocampal neurons stimulates CBP-mediated gene expression. Relative to
cells microinjected with the vector control (RSV-b globin), constitutively active CaM kinase IV±induced expression of GAL4±CBPc 4.5 6 0.8-
fold (mean 6 SEM of four independent experiments) (83 cells). Scale bar is 60 mm.
CBP-mediated gene expression, it is well known that this phosphorylation event: upon L-type Ca21 channel
activation, CREB remained phosphorylated on serineonly Ca21 flux through L-type Ca21 channels (but not
Ca21 entering the cell through NMDA receptors) effi- 133 even 1 hr after stimulation, whereas NMDA receptor
activation caused a transient increase in CREB phos-ciently stimulates transcription mediated by the CRE
(Bading et al., 1993), which binds the prototypical CBP- phorylation. In hippocampal neurons treated with 100
mM glutamate, CREB phosphorylation is already unde-recruiting transcriptional activator, CREB. Since CBP
recruitment by CREB requires phosphorylation of CREB tectable 5 min after stimulation. Analysis of the expres-
sion of the c-fos gene, a highly Ca21-inducible immediateon serine 133 (Chrivia et al., 1993; Parker et al., 1996),
we investigated the possibility that differences in gene early gene that contains a CRE in the promoter, revealed
that prolonged CREB phosphorylation following L-typeresponses triggered by L-type Ca21 channel and NMDA
receptor activation are due to differences in CREB phos- Ca21 channel activation strongly activated c-fos expres-
sion (Figure 3B). In contrast, stimulation of NMDA recep-phorylation. As shown in Figure 3A, Ca21 flux through
L-type Ca21 channels and NMDA receptors is initially tors with 20 mM glutamate caused only a poor transcrip-
tional response and virtually no c-fos induction wasequally potent at inducing CREB phosphorylation; how-
ever, there are profound differences in the kinetics of observed in cells treated with 100 mM glutamate (Figure
Neuron
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Figure 3. Ca21 Flux through NMDA Receptors and L-Type Ca21 Channels Induces Distinct Kinetics of CREB Phosphorylation on Serine 133
and Differentially Activates c-fos Expression
Immunocytochemical analysis of CREB phosphorylation on serine 133 (A) and expression of the endogenous c-fos gene (B) in hippocampal
neurons following stimulation with 20 mM glutamate [Glu (20)] or 100 mM glutamate [Glu (100)] both in the presence of 5 mM of nifedipine or
with 50 mM KCl/100 mM APV (KCl stimulation). Representative examples of c-fos immunostained hippocampal neurons (analyzed 2 hr after
stimulation) are shown in (B, upper panel); quantitative analysis of the data obtained with Glu (20) and KCl is shown in (B, lower panel). Scale
bar is 60 mm.
3B). These results suggest that the kinetics of CREB the cells with either KCl or KCl/FPL (Figure 4B; quantita-
tive analysis of the data is in the figure legend). In con-phosphorylation may be an important factor that deter-
mines whether or not CRE/CREB-dependent gene ex- trast, stimulation of NMDA receptors using 20 mM gluta-
mate only poorly activated reporter gene expressionpression is activated, which is consistent with previous
reports (Bito et al., 1996; Liu and Graybiel, 1996). (Figure 4B). These results indicate that the site of Ca21
entry rather than the Ca21 profile generated determines
the kinetics of CREB phosphorylation on serine 133 and
CRE/CREB-mediated transcription.The Site of Ca21 Entry Determines the Kinetics
of CREB Phosphorylation on Serine 133
and CRE/CREB-Dependent
Gene Expression Two Signaling Pathways Control CREB
Phosphorylation on Serine 133 following StimulationWe next investigated whether these differences in the
kinetics of CREB phosphorylation on serine 133 and of L-Type Ca21 Channels in Hippocampal Neurons:
Uncoupling of CREB PhosphorylationCRE/CREB-dependent gene expression are due to dif-
ferences in the Ca21 profiles (see Figure 1) or the site from Activation of Gene Expression
CaM kinases and the Ras/extracellular signal-regulatedof Ca21 entry (NMDA receptors versus L-type Ca21 chan-
nels). We used a stimulation paradigm that activates kinase (ERK) signaling cascade that is activated by Ca21
signals (Bading and Greenberg, 1991; Rosen et al., 1994)L-type Ca21 channels (KCl/FPL) but generates a Ca21
profile that resembles the one obtained following NMDA are likely mediators of Ca21-induced CREB phosphory-
lation on serine 133. Indeed, we found that in hippocam-receptor activation (see Figure 1). We first determined
the kinetics of CREB phosphorylation on serine 133 and pal neurons treated with a combination of the CaM ki-
nase inhibitor, KN-62, and the MAP kinase kinase-1found that KCl/FPL elicits a sustained CREB phosphory-
lation that is similar to that obtained following KCl stimu- (MEK-1) inhibitor PD98059 (which blocks Ca21 activation
of ERKs [Johnson et al., 1997]), Ca21-induced CREBlation (Figure 4A). To investigate CRE/CREB-dependent
gene expression, we transfected into hippocampal neu- phosphorylation is blocked. Treatment of the neurons
with either KN-62 or PD98059 alone does not affect KCl-rons a c-fos-based, CRE-dependent reporter gene,
pF222myc (Hardingham et al., 1997). Transcription from induced CREB phosphorylation on serine 133 (Figures
5A and 5B). However, KN-62 alone is a potent inhibitorthe reporter gene, measured by RNase protection assay,
was strongly induced in neurons following treatment of of c-fos expression (Figure 5B) and led to the uncoupling
Control of CBP Function in Hippocampal Neurons
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activated in parallel, and each signaling mechanism is
sufficient to give rise to a maximal CREB phosphoryla-
tion response. Second, they demonstrate that CREB
phosphorylation on serine 133 is not sufficient for CRE/
CREB-dependent gene expression and that this tran-
scriptional response is controlled by an additional, CaM
kinase±mediated regulatory event. Because L-type Ca21
channels and CaM kinase IV stimulate the activity of
CBP, which is recruited to the promoter via phospho-
(Ser-133)CREB, we hypothesized that CBP activation
by Ca21 flux through L-type Ca21 channels and induction
of CaM kinase IV may represent a second regulatory
event critical for activation of transcription. To directly
investigate the involvement of CBP in Ca21-activated
transcription, we microinjected into hippocampal neu-
rons an expression vector for the adenovirus protein
E1A, which binds to CBP via residues in its amino-termi-
nal conserved region 1 (CR1) and disrupts CBP function
(Eckner et al., 1994; Arany et al., 1995; Bannister and
Kouzarides, 1995). Expression of E1A inhibited c-fos
expression following activation of L-type Ca21 channels
or NMDA receptors (Figure 6A). Microinjection of an
expression vector for a non-CBP-binding mutant of E1A
(E1ADCR1) that lacks CR1 had little effect on induction
of c-fos transcription (Figure 6A). These results indicate
that the function of CBP or that of a closely related
molecule such as p300 that, like CBP, is present in the
nuclei of hippocampal neurons (Figure 6B) is critical for
gene regulation by Ca21 signaling pathways in hippo-
campal neurons. However, we cannot formally rule out
the possibility that the observed inhibition of transcrip-
tional activation by E1A is due to effects of the CR1
region on the activity of molecules other than CBP or
p300.
Control of Coactivator Function as a General
Mechanism for Gene Regulation
by Ca21 Signals
Our observation that stimulation of CBP activity is both
necessary and sufficient for Ca21-induced gene expres-
sion in hippocampal neurons suggests that CBP-recruit-
Figure 4. The Site of Ca21 Entry Determines the Kinetics of CREB ing DNA-binding proteins other than CREB can function
Phosphorylation on Serine 133 and CRE/CREB-Dependent Gene as Ca21-responsive activators. We tested this hypothe-
Expression sis using the c-Jun protein that is known to interact with
(A) Immunocytochemical analysis of CREB phosphorylation on ser- CBP (Bannister et al., 1995). Hippocampal neurons were
ine 133 in hippocampal neurons 60 min after stimulation with 50
microinjected with an expression vector encoding a fu-mM KCl/100 mM APV (KCl stimulation) or with 50 mM KCl/100 mM
sion protein (LexA±cJun) consisting of the DNA-bindingAPV/5 mM FPL 64176 (KCl/FPL stimulation). KCl/FPL treatment
domain of the bacterial repressor LexA (residues 1±202)causes L-type Ca21 channel-mediated Ca21 transients that resemble
the profile generated by NMDA receptor activation (see Figure 1). and the N-terminal 194 amino acids of c-Jun that contain
(B) Upper panel: RNase protection analysis of expression of the a signal-regulated transcription activation domain (Price
CRE-dependent reporter gene pF222myc (c-fosH), expression of the et al., 1996). The reporter gene, pF222DCRE.Lex.myc,
endogenous rat c-fos gene (c-fosR), and expression of the trans-
used to assess LexA-cJun-mediated transcription, isfected human a-globin gene (plasmid pSVa1) to normalize for trans-
identical to pF222DCREmyc, except that the GAL4 sitefection efficiency, in unstimulated hippocampal neurons (2) or in
was replaced with a binding site for the LexA dimerhippocampal neurons after stimulation with 20 mM glutamate/5 mM
nifedipine (Glu), 50 mM KCl/100 mM APV (KCl), or 50 mM KCl/100 (Cruzalegui et al., 1999). Similar to pF222DCREmyc, ex-
mM APV/5 mM FPL 64176 (K/F). pression of pF222DCRE.Lex.myc was determined im-
Lower panel: Quantitative analysis (four independent experiments) munocytochemically using the 9E10 monoclonal anti-
of the expression of the CRE-dependent reporter gene pF222myc
body. Activation of Ca21 entry into hippocampal neuronsin hippocampal neurons.
through either L-type Ca21 channels or NMDA receptors
strongly activated LexA-cJun-dependent transcription
(Figure 7A). c-Jun function is known to be controlled byof CREB phosphorylation on serine 133 from c-fos tran-
scriptional activation. These results indicate that first, a stress-induced signaling cascade leading to phos-
phorylation of c-Jun by the c-Jun N-terminal proteinthe Ras/ERK signaling cascade and CaM kinases are
Neuron
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Figure 5. Two Signaling Pathways Control CREB Phosphorylation on Serine 133 following Stimulation of L-Type Ca21 Channels in Hippocampal
Neurons: Uncoupling of CREB Phosphorylation from Activation of Gene Expression
Immunocytochemical analysis of CREB phosphorylation on serine 133 (A) and expression of the endogenous c-fos gene (B) in hippocampal
neurons 10 min and 2 hr, respectively, following L-type Ca21 channel activation using 50 mM KCl/100 mM APV (KCl stimulation) in the presence
of the indicated inhibitors. PD98059 (30 mM) and KN-62 (10 mM) were added to the cultures 60 min and 15±20 min, respectively, prior to
stimulation. Representative examples of confocal sections of phosphoCREB immunostained hippocampal neurons are shown in (A, upper
panel); quantitative analysis of the phosphoCREB and c-fos gene expression data is shown in (A, lower panel) and (B), respectively. Scale
bar is 60 mm.
kinase (JNK/SAPK1) on two key regulatory sites, serine signals functions in the absence of JNK/SAPK1 activa-
tion and does not require c-Jun residues serine 63 and63 and serine 73 (Radler-Pohl et al., 1993; DeÂ rijard et
al., 1994; Kyriakis et al., 1994). This raises the possibility serine 73, indicating that the regulatory mechanisms
involved are distinct from the classical c-Jun-regulatingthat a stimulus-induced increase in JNK/SAPK1 activity
underlies c-Jun activation by calcium signaling path- stress signaling pathway. Since the interaction of c-Jun
with CBP does not depend on phosphorylation of c-Junways in hippocampal neurons. An induction in JNK/
SAPK1 activity, although only less than 2-fold, has been on serine 63 and serine 73 (Bannister et al., 1995;
N. Jones, personal communication) and Ca21 activationshown in cultured striatal neurons and in cerebellar
granule cells following stimulation of glutamate recep- of c-Jun function in hippocampal neurons and in AtT20
cells is blocked by E1A (Cruzalegui et al., 1999; data nottors (Kawasaki et al., 1997; Schwarzschild et al., 1997).
However, in AtT20 cells, calcium entry through L-type shown), our findings suggest that L-type Ca21 channels
and NMDA receptors stimulate c-Jun-mediated tran-calcium channels can activate c-Jun function but fails
to increase JNK/SAPK1 activity (Cruzalegui et al., 1999). scription by activating c-Jun-bound CBP.
We therefore investigated the role of JNK/SAPK1 in reg-
ulating c-Jun function in hippocampal neurons. We
found that overexpression of MEKK 1, an activator of Discussion
the JNK/SAPK1 activator kinase (Yan and Templeton,
1994), did indeed stimulate LexA-cJun-dependent tran- Importance of Coactivator Recruitment
and Activation in Controllingscription in hippocampal neurons (Figure 7A). However,
immune complex kinase assays and Western blot analy- Gene Expression
Our experiments uncovered the importance of both co-sis using antibodies to the phosphorylated (i.e., acti-
vated) form of JNK/SAPK1 revealed that neither Ca21 activator recruitment and activation in transcription
regulation by Ca21 influx into hippocampal neurons, pro-flux through NMDA receptors nor through L-type Ca21
channels activated JNK/SAPK1, while both stimuli acti- viding a basis for Ca21 channel type±specific differences
in gene expression. We have established that CaM ki-vated ERKs (Figures 7B and 7C). Moreover, mutation
of c-Jun amino acid residues serine 63 and serine 73 nase IV is sufficient to activate CBP-dependent tran-
scription in hippocampal neurons and is necessary for[construct LexA±cJun(S63/73L)] were found to abolish
activation by MEKK 1 but did not compromise Ca21 CBP activation by Ca21 flux through L-type Ca21 chan-
nels. However, CaM kinase IV may not be the only CBP-activation of c-Jun-mediated transcription (Figure 7A).
These results demonstrate that c-Jun activation by Ca21 activating enzyme since NMDA receptor±dependent
Control of CBP Function in Hippocampal Neurons
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CBP is not a direct target or not the only direct target of
a regulatory phosphorylation event triggered by calcium
flux through NMDA receptors or L-type calcium chan-
nels. CBP can interact with many different proteins (Jan-
knecht and Hunter, 1996), and it is conceivable that
one or several CBP-associated factors are targets of
intracellular signaling pathways. A recent study identi-
fied a calcium-regulated DNA control element in the
transcribed region of the c-fos gene, termed the down-
stream regulatory element (DRE) that binds the calcium-
regulated repressor DRE-antagonist modulator (DREAM)
(CarrioÂ n et al., 1999). Given the importance of nuclear
calcium in CBP-mediated activation of transcription
(Chawla et al., 1998), the presence of the DRE in our
c-fos-based reporter constructs raised the possibility
that CBP cooperates with DREAM in calcium-activated
transcription. However, this seems unlikely because
calcium-regulation of the c-fos-promoter-containing re-
porter gene FC4CAT does not require the presence of
the DRE (CarrioÂ n et al., 1999; J.R. Naranjo, personal
communication) and stimulation of CBP-mediated gene
expression by calcium signals has been demonstrated
using a reporter gene that lacks any c-fos sequence
(Chawla et al., 1998).
Since Ca21 flux through either L-type Ca21 channels
or NMDA receptors is equally potent at activating CBP-
mediated gene expression, differential regulation of
CRE/CREB-dependent transcription by these Ca21 chan-
nels (Bading et al., 1993) is likely to be due to differences
in the recruitment of CBP to the CRE that is mediated
by phospho-(Ser-133)CREB. Indeed, we observed pro-
found Ca21 channel type±specific differences in the ki-
netics of CREB phosphorylation and in the magni-
tude of CRE/CREB-mediated transcriptional responses:
L-type Ca21 channel activity triggers a far more sus-
tained phosphorylation of CREB than NMDA receptor
activity and consequently gives rise to a more robust
CRE/CREB-mediated transcriptional response. This pro-
vides a simple example of a Ca21 channel type±specific
ªmolecular memory.º
The differential induction of CREB phosphorylation
was not due to the differences in the characteristics of
the Ca21 transients associated with L-type Ca21 channel
Figure 6. Disruption of CBP Function Inhibits Induction of c-fos Ex- and NMDA receptor activation, indicating that the site
pression in Hippocampal Neurons following Stimulation of L-Type of Ca21 entry and not the Ca21 profile generated deter-
Ca21 Channels and NMDA Receptors mines CBP recruitment to the CRE and CRE/CREB-
(A) Upper panel: Examples of the immunocytochemical analysis mediated transcription. The CBP recruitment signal,
of endogenous c-fos expression following stimulation with 20 mM
CREB phosphorylation on serine 133, is provided byglutamate/5 mM nifedipine (Glu) or with 50 mM KCl/100 mM APV
several signaling molecules including CaM kinases and(KCl) of hippocampal neurons microinjected with expression vectors
the Ras/ERK cascade. CREB phosphorylation, however,for either E1A or E1ADCR1. The Texas Red fluorescence image
identifies microinjected cells. Scale bar is 60 mm. can be uncoupled from Ca21-activated transcription by
Lower panel: Quantitative analysis (four independent experiments) blocking CBP activation by CaM kinase IV and nuclear
of the effects of E1A or E1ADCR1 on Ca21 activation of c-fos expres- Ca21 (see Results; Chawla et al., 1998). Thus, CBP acti-
sion in hippocampal neurons shown in the upper panel. Expression vation by Ca21 signals is a critical regulatory event that,
of c-fos in microinjected cells (number of cells analyzed: E1A, 124;
in addition to CREB phosphorylation on serine 133, con-E1ADCR1, 117) is expressed as a percentage of that obtained in
trols CRE/CREB-dependent gene expression.surrounding uninjected cells (number of cells analyzed: E1A, 382;
Our findings suggest a model, termed the ªcoactivatorE1ADCR1, 442).
(B) Nuclear CBP and p300 immunoreactivity in hippocampal control model,º in which activation of Ca21 signaling
neurons. pathways regulate gene expression by controlling two
aspects of CBP function: recruitment of CBP to a pro-
moter and the ability of CBP to enhance transcription. Inactivation of CBP was not blocked by the negative inter-
the case of CREB, CBP recruitment is a signal-regulatedfering mutant of CaM kinase IV. The mechanism through
event that is differentially controlled by Ca21 entrywhich calcium signaling pathways regulate the tran-
through L-type Ca21 channels and NMDA receptorsscription-activating function of CBP may involve phos-
phorylation of CBP. However, it is also possible that giving rise to Ca21 channel type-specific transcriptional
Neuron
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responses. In contrast, c-Jun, the second activator ana-
lyzed in this study, interacts with CBP in a signal-inde-
pendent manner. As predicted by the coactivator control
model, c-Jun/CBP-dependent gene expression is in-
duced irrespective of the route of Ca21 entry.
Implications of the Coactivator Control
Model for Neuronal Gene Expression
Since CBP is known to interact not only with CREB and
c-Jun but with many other transcription factors (re-
viewed in Janknecht and Hunter, 1996; Goldman et al.,
1997), its regulation by Ca21 signals has general implica-
tions for neuronal gene expression. While genes differ in
the architecture of their transcriptional control regions,
many genes are, at least in part, regulated by transcrip-
tional activators that can recruit CBP to the promoter
and, thus, could be affected by alterations in CBP func-
tion. In this study, we demonstrated that transcription
activation of the c-fos gene by Ca21 signaling pathways
requires CBP function. It is likely that a similar mecha-
nism controls the induction by neuronal activity of genes
such as the brain-derived neurotrophic factor (BDNF),
which contains a CRE in its regulatory region (Shieh et
al., 1998; Tao et al., 1998) and contributes to that of
many others encoding for example ion channels, neuro-
transmitter receptor±interacting proteins, receptors for
growth or neurotrophic factors, enzymes, cytoskeletal
proteins, and components of the neurotransmitter re-
lease machinery (Ernfors et al., 1991; Bendotti et al.,
1993; Bengzon et al., 1993; Nedivi et al., 1993; Pratt et
al., 1993; Qian et al., 1993; Lynch et al., 1994; Thomas
et al., 1994; Lyford et al., 1995; Brakeman et al., 1997).
Thus, the coactivator control model may represent the
basic mechanism through which Ca21 signals regulate
the expression of many genes that collectively may be
responsible for the consolidation of electrical activity-
dependent adaptive changes in the nervous system.
Experimental Procedures
Cell Cultures, Ca21 Imaging, and Microinjection
Primary hippocampal neurons were cultured as described (Bading
and Greenberg, 1991) and were microinjected after 10 to 14 days
in vitro using a Zeiss microinjection workstation (Hardingham et al.,
1997; Chawla et al., 1998). Fluo-3 Ca21 imaging was done using a
laser scanning confocal microscope (Hardingham et al., 1997).
AtT20 cells were grown as described (Hardingham et al., 1997).
Plasmids
The human c-fos gene±based reporter genes pF222myc,
pF222DCREmyc (Hardingham et al., 1997), and pF222DCRE.Lex.-Figure 7. Ca21 Signaling Pathways in Hippocampal Neurons Acti-
myc (Cruzalegui et al., 1999), and the expression vectors for GAL4±vate c-Jun-Mediated Transcription Independently of JNK/SAPK1
CBPc and GAL4±CBP8R (Chawla et al., 1998), constitutively activeActivation
forms of CaM kinase IV (Sun et al., 1994), negative interfering mutant(A) Upper panel: Immunocytochemical analysis of LexA±cJun and
of CaM kinase IV (Anderson et al., 1997), E1A, E1ADCR1 (BannisterLexA-cJun(S63/73L)-mediated gene expression following activation
and Kouzarides, 1995), LexA±cJun (Price et al., 1996), LexA±of NMDA receptors or L-type Ca21 channels, and in cells overex-
cJun(S63/73L) (Cruzalegui et al., 1999), and MEKK 1 (Yan and Tem-pressing MEKK 1, an activator of the JNK/SAPK1 activator kinase.
pleton, 1994) have been described.Hippocampal neurons were microinjected with the reporter plasmid
pF222DCRE.Lex.myc and the expression vectors for the indicated
proteins. The Texas Red fluorescence image identifies injected cells.
Scale bar is 60 mm.
Lower panel: Quantitative analysis (three independent experiments) hippocampal neurons were treated for 45 min with anisomycin (0.5
of the gene expression responses shown in the upper panel. mg/ml) (A), a known activator of the stress signaling pathway. West-
(B) Analysis of JNK/SAPK1 and ERK activation in hippocampal neu- ern blot analyses using antibodies to phospho-JNK (panel 1), phos-
rons after stimulation with 20 mM glutamate/5 mM nifedipine (Glu) pho-ERK (panel 3), and JNK (panel 2), respectively.
or 50 mM KCl/100 mM APV (KCl). Activation of JNK/SAPK1 and ERK (C) JNK/SAPK1 immune complex kinase assay using GST±Jun
activity in AtT20 cells was analyzed in parallel. AtT20 cells and (1±79) as a substrate.
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DNA Transfection, Stimulation, and Gene Expression Analyses Bengzon, J., Kokaia, Z., Ernfors, P., Kokaia, M., Leanza, G., Nilsson,
O.G., Persson, H., and Lindvall, O. (1993). Regulation of neurotrophinDNA transfection, stimulation of hippocampal neurons, RNase pro-
and trkA, trkB and trkC tyrosine kinase receptor mRNA expressiontection analysis, and immunocytochemistry [the c-fos and the phos-
in kindling. Neuroscience 53, 433±446.pho-(Ser-133)CREB specific antibodies (Ginty et al., 1993) were from
Santa Cruz and UBI, respectively] were done as described (Bading Bito, H., Deisseroth, K., and Tsien, R.W. (1996). CREB phosphoryla-
et al., 1993; Hardingham et al., 1997). To activate Ca21 flux through tion and dephosphorylation: a Ca21 and stimulus duration-depen-
NMDA receptors, hippocampal neurons were treated with glutamate dent switch for hippocampal gene expression. Cell 87, 1203±1214.
(5, 20, or 100 mM) always in the presence of 5 mM nifedipine. Ca21 Brakeman, P.R., Lanahan, A.A., O'Brien, R., Roche, K., Barnes, C.A.,
flux through L-type Ca21 channels was induced by exposing hippo- Huganir, R.L., and Worley, P.F. (1997). Homer: a protein that selec-
campal neurons to 50 mM KCl in the presence of 100 mM D(2)-APV tively binds metabotropic glutamate receptors. Nature 386, 284±288.
(KCl stimulation) or KCl (50 mM) in the presence of 100 mM D(2)APV
CarrioÂ n, A.M., Link, W.A., Ledo, F., MellstroÈ m, B., and Naranjo, J.R.plus 10 mM of the L-type Ca21 channel agonist FPL 64176 (KCl/
(1999). DREAM is a Ca21-regulated transcriptional repressor. NatureFPL stimulation). CaM kinase IV±activated, GAL4-CBPc-mediated 398, 80±84.
transcription was analyzed 3±4 hr after microinjection of GAL4±CBPc
Chawla, S., and Bading, H. (1998). Function of nuclear and cyto-expression vectors alongside the CaM kinase IV expression vector
plasmic calcium in the control of gene expression. In Integrativeand pF222DCREmyc.
Aspects of Calcium Signaling, A. Verkhratsky and E.C. Toescu, eds.
(New York: Plenum Press), pp. 59±78.Analysis of Protein Kinases and Antibodies
Chawla, S., Hardingham, G.E., Quinn, D.R., and Bading, H. (1998).JNK/SAPK1 activity was measured in immune complex kinase
CBP: a signal-regulated transcriptional coactivator controlled byassays using agarose-conjugated antibodies against the C terminus
nuclear calcium and CaM kinase IV. Science 281, 1505±1509.of JNK1 (C17) (Santa Cruz) and GST±Jun (1±79) as a substrate. c-Jun
Chrivia, J.C., Kwok, R.P.S., Lamb, N., Hagiwara, M., Montminy, M.R.,kinase activity was also analyzed in total cell extracts using GST±Jun
and Goodman, R.H. (1993). Phosphorylated CREB binds specifically(1±79) as a substrate. The phospho-JNK-specific antibody used in
to the nuclear protein CBP. Nature 365, 855±859.the Western blots was from New England Biolabs. ERK activity
was assessed by Western blot analysis using an antibody to the Cruzalegui, F.H., Hardingham, G.E., and Bading, H. (1999). c-Jun
phosphorylated form of ERK (Promega). Antibodies to CBP (A-22; functions as a calcium-regulated transcriptional activator in the ab-
C-20) and p300 (N-15) were from Santa Cruz. sence of JNK/SAPK1 activation. EMBO J. 18, 1335±1344.
Deisseroth, K., Bito, H., and Tsien, R.W. (1996). Signaling from syn-
Acknowledgments apse to nucleus: postsynaptic CREB phosphorylation during multi-
ple forms of hippocampal synaptic plasticity. Neuron 16, 89±101.
We thank William Wisden for discussion and comments on the DeÂ rijard, B., Hibi, M., Wu, I.-H., Barret, T., Su, B., Deng, T., Karin,
manuscript. This work was supported by the MRC, the Epilepsy M., and Davis, R. (1994). JNK1: a protein kinase stimulated by UV
Research Foundation, and SmithKline Beecham. light and Ha-Ras that binds and phosphorylates the c-Jun activation
domain. Cell 76, 1025±1037.
Received September 8, 1998; revised February 10, 1999. Eckner, R., Ewen, M.E., Newsome, D., Gerdes, M., Decaprio, J.A.,
Lawrence, J.B., and Livingston, D.M. (1994). Molecular cloning and
References functional analysis of the adenovirus E1A-associated 300-KD pro-
tein (p300) reveals a protein with properties of a transcriptional
Anderson, K.A., Ribar, T.J., Illario, M., and Means, A.R. (1997). Defec- adapter. Genes Dev. 8, 869±884.
tive survival and activation of thymocytes in transgenic mice ex- Ernfors, P., Bengzon, J., Kokaia, Z., Persson, H., and Lindvall, O.
pressing a catalytically inactive form of Ca21/calmodulin-dependent (1991). Increased levels of mRNAs for neurotrophic factors in the
protein kinase IV. Mol. Endocrinol. 11, 725±737. brain during kindling epileptogenesis. Neuron 7, 165±176.
Arany, Z., Newsome, D., Oldread, E., Livingston, D.M., and Eckner, Ghosh, A., and Greenberg, M.E. (1995). Calcium signaling in neurons:
R. (1995). A family of transcriptional adapter proteins targeted by molecular mechanisms and cellular consequences. Science 268,
the E1A oncoprotein. Nature 374, 81±84. 239±247.
Bading, H., and Greenberg, M.E. (1991). Stimulation of protein tyro- Ginty, D.D., Kornhauser, J.M., Thompson, M.A., Bading, H., Mayo,
sine phosphorylation by NMDA receptor activation. Science 253, K.E., Takahashi, J.S., and Greenberg, M.E. (1993). Regulation of
912±914. CREB phosphorylation in the suprachiasmatic nucleus by light and
Bading, H., Ginty, D.D., and Greenberg, M.E. (1993). Regulation of a circadian clock. Science 268, 238±241.
gene expression in hippocampal neurons by distinct calcium signal- Goldman, P.S., Tran, V.K., and Goodman, R.H. (1997). The multifunc-
ing pathways. Science 260, 181±186. tional role of the co-activator CBP in transcriptional regulation. Re-
cent Prog. Horm. Res. 52, 103±120.Bading, H., Segal, M.M., Sucher, N.J., Dudek, H., Lipton, S.A., and
Greenberg, M.E. (1995). N-methyl-D-aspartate receptors are critical Hardingham, G.E., and Bading, H. (1998). Nuclear calcium: a key
for mediating the effects of glutamate on intracellular calcium con- regulator of gene expression. Biometals 11, 345±358.
centration and immediate early gene expression in cultured hippo- Hardingham, G.E., Chawla, S., Johnson, C.M., and Bading, H. (1997).
campal neurons. Neuroscience 64, 653±664. Distinct functions of nuclear and cytoplasmic calcium in the control
Bading, H., Hardingham, G.E., Johnson, C.M., and Chawla, S. (1997). of gene expression. Nature 385, 260±265.
Gene regulation by nuclear and cytoplasmic calcium signals. Bio- Hardingham, G.E., Cruzalegui, F., Chawla, S., and Bading, H. (1998).
chem. Biophys. Res. Com. 236, 541±543. Mechanisms controlling gene expression by nuclear calcium sig-
Bannister, A.J., and Kouzarides, T. (1995). CBP-induced stimulation nals. Cell Calcium 23, 131±134.
of c-Fos activity is abrogated by E1A. EMBO J. 14, 4758±4762. Janknecht, R., and Hunter, T. (1996). Transcriptional control: versa-
tile molecular glue. Curr. Biol. 6, 951±954.Bannister, A.J., and Kouzarides, T. (1996). The CBP co-activator is
a histone acetyltransferase. Nature 384, 641±643. Jensen, K.F., Ohmstede, C.-A., Fisher, R.S., and Sayhoun, N. (1991).
Nuclear and axonal localization of Ca21/calmodulin-dependent pro-Bannister, A.J., Oehler, T., Wilhelm, D., Angel, P., and Kouzarides,
tein kinase type Gr in rat cerebellar cortex. Proc. Natl. Acad. Sci.T. (1995). Stimulation of c-Jun activity by CBP: c-Jun residues Ser63/
USA 88, 2850±2853.73 are required for CBP induced stimulation in vivo and CBP binding
in vitro. Oncogene 11, 2509±2514. Johnson, C.M., Hill, C.S., Chawla, S., Treisman, R., and Bading, H.
(1997). Calcium controls gene expression via three distinct pathwaysBendotti, C., Vezzani, A., Tarizzo, G., and Samanin, R. (1993). In-
that can function independently of the Ras/Mitogen-activated pro-creased expression of GAP-43, somatostatin and neuropeptide Y
tein kinases (ERKs) signaling cascade. J. Neurosci. 17, 6189±6202.mRNA in the hippocampus during development of hippocampal
kindling in rats. Eur. J. Neurosci. 5, 1312±1320. Kawasaki, H., Morooka, T., Shimohama, S., Kimura, J., Hirano, T.,
Neuron
798
Gotoh, Y., and Nishida, E.F. (1997). Activation and involvement of Tao, X., Finkbeiner, S., Arnold, D.B., Shaywitz, A.J., and Greenberg,
p38 mitogen-activated protein kinase in glutamate-induced apopto- M.E. (1998). Calcium influx regulates BDNF transcription by a CREB
sis in rat cerebellar granule cells. J. Biol. Chem. 272, 18518±18521. family transcription factor-dependent mechanism. Neuron 20,
709±726.Kyriakis, J., Banerjee, P., Nikolakaki, E., Dai, T., Rubie, E., Ahmad,
M., Avruch, J., and Woodgett, J. (1994). The stress-activated protein Thomas, K.L., Laroche, S., Errington, M.L., Bliss, T.V.P., Hunt, S.P.
kinase subfamily of c-Jun kinases. Nature 369, 156±160. (1994). Spatial and temporal changes in signal transduction path-
ways during LTP. Neuron 13, 737±745.Lerea, L.S., Butler, L.S., and McNamara, J.O. (1992). NMDA and
non-NMDA receptor-mediated increase of c-fos mRNA in dentate Yan, M.H., and Templeton, D.J. (1994). Identification of two serine
gyrus neurons involved calcium influx via different routes. J. Neu- residues of MEK 1 that are differentially phosphorylated during acti-
rosci. 12, 2973±2981. vation by raf and MEK kinase. J. Biol. Chem. 269, 19067±19073.
Liu, F.C., and Graybiel, A.M. (1996). Spatiotemporal dynamics of Yang, X.J., Ogryzko, V.V., Nishikawa, J., Howard, B.H., and Nakatani,
CREB phosphorylation: transient versus sustained phosphorylation Y.A. (1996). p300/CBP associated factor that competes with the
in the developing striatum. Neuron 17, 1133±1144. adenoviral oncoprotein E1A. Nature 382, 319±324.
Lyford, G.L., Yamagata, K., Kaufmann, W.E., Barnes, C.A., Sanders,
L.K., Copeland, N.G., Gilbert, D.J., Jenkins, N.A., Lanahan, A.A., and
Worley, P.F. (1995). ARC, a growth factor and activity-regulated
gene, encodes a novel cytoskeleton-associated protein that is en-
riched in neuronal dendrites. Neuron 14, 433±445.
Lynch, M.A., Voss, K.L., Rodriguez, J., and Bliss, T.V.P. (1994). In-
crease in synaptic vesicle proteins accompanies long-term potentia-
tion in the dentate gyrus. Neuroscience 60, 1±5.
Morgan, J.I., and Curran, T. (1991). Stimulus-transcription coupling
in the nervous system: involvement of the inducible proto-onco-
genes fos and jun. Annu. Rev. Neurosci. 14, 421±451.
Nedivi, E., Hevroni, D., Naot, D., Israeli, D., and Citri, Y. (1993).
Numerous candidate plasticity-related genes revealed by differen-
tial cDNA cloning. Nature 363, 718±722.
Ogryzko, V.V., Schiltz, R.L., Russanova V., Howard, B.H., and Naka-
tani, Y. (1996). The transcriptional coactivators p300 and CBP are
histone acetyltransferases. Cell 87, 953±959.
Parker, D., Ferreri, K., Nakajima, T., Morte, V.J.L., Evans, R., Koerber,
S.C., Hoeger, C., and Montminy, M.R. (1996). Phosphorylation of
CREB at Ser-133 induces complex formation with the CREB-binding
protein via a direct mechanism. Mol. Cell. Biol. 16, 694±703.
Pratt, G.D., Kokaia, M., Bengzon, J., Kokaia, Z., Fritschy, J.M.,
Mohler, H., and Lindvall, O. (1993). Differential regulation of N-methyl-
D-aspartate receptor subunit mRNAs in kindling-induced epilepto-
genesis. Neuroscience 57, 307±318.
Price, M.A., Cruzalegui, F.H., and Treisman, R. (1996). The p38 and
ERK MAP kinase pathways cooperate to activate ternary complex
factors and c-fos transcription in response to UV light. EMBO J. 15,
6552±6563.
Qian, Z., Gilbert, M.E., Colicos, M.A., Kandel, E.R., and Kuhl, D.
(1993). Tissue-plasminogen activator is induced as an immediate
early gene during seizure, kindling and long-term potentiation. Na-
ture 361, 453±457.
Radler-Pohl, A., Sachsenmaier, C., Gebel, S., Auer, H.-P., Bruder,
J., Rapp, U., Angel, P., Rahmsdorf, H., and Angel, P. (1993). UV-
induced activation of AP-1 involves obligatory extranuclear steps
including Raf-1 kinase. EMBO J. 12, 1005±1012.
Rosen, L.B., Ginty, D.D., Weber, M.J., and Greenberg, M.E. (1994).
Membrane depolarization and calcium influx stimulate MEK and
MAP kinase via activation of Ras. Neuron 12, 1207±1221.
Schwarzschild, M.A., Cole, R.L., and Hyman, S.E. (1997). Glutamate,
but not dopamine, stimulates stress-activated protein kinase and
AP-1-mediated transcription in striatal neuron. J. Neurosci. 17,
3455±3466.
Sheng, M., Dougan, S.T., McFadden, G., and Greenberg, M.E. (1988).
Calcium and growth factor pathways of c-fos transcriptional activa-
tion require distinct upstream regulatory sequences. Mol. Cell. Biol.
8, 2787±2796.
Sheng, M., Thompson, M.A., and Greenberg, M.E. (1991). CREB: a
Ca21-regulated transcription factor phosphorylated by calmodulin-
dependent kinases. Science 252, 1427±1430.
Shieh, P.B., Hu, S.C., Bobb, K., Timmusk, T., and Ghosh, A. (1998).
Identification of a signaling pathway involved in calcium regulation
of BDNF expression. Neuron 20, 727±740.
Sun, P., Enslen, H., Myung, P.S., and Maurer, R.A. (1994). Differential
activation of CREB by Ca21/calmodulin-dependent protein kinases
type II and type IV involves phosphorylation of a site that negatively
regulates activity. Genes Dev. 8, 2527±2539.
